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SUMIJIARY 
Coatings of Si0 and M g F  have been deposited by thermal vacuurr, 
evaporation. Films over 1 micron th ick  were mechanically unstable 
and thus  were not  su i t ab le  f o r  use on the  s o l a r  c e l l .  
unit has been assembled t o  deposit  g l a s s  coatings. This u n i t  uses 
a triode-plasma technique with FtF osc i l l a to ry  po ten t i a l  applied t o  
t h e  t a r g e t  t o  allow spu t t e r ing  of d i e l ec t r i c s .  
f lec tance  of mater ia ls  of known ref lectance on surfaces  s i m i l a r  t o  
t h a t  of the  s o l a r  c e l l  were made. 
Rayleigh s c a t t e r i n g  from the  c e l l  surface s o  t h a t  the ref lectance d a t a  on 
t h e  c e l l  can be in te rpre ted .  
A sput te r ing  
Measurements o f  re -  
This i s  t o  evaluate the  e f f e c t  of 
m 
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DEVELOPMENT OF OPTICAL COATINGS 
FOR 
CdS THIN FILM SOLAR CELLS 
by J .  C .  Schaefer and E .  R. H i l l  
INTRODUCTION 
The purpose of t h i s  program i s  t o  develop and apply o p t i c a l  coatings t o  
CdS s o l a r  c e l l s  f o r  the  purpose of increasing the power conversion eff i -  
ciency. It i s  desired t o  maximize the amount of l i g h t  en ter ing  the  c e l l  
i n  t h e  region of t he  spectrum where the  c e l l  i s  sens i t i ve ,  r e j e c t  a l l  oth- 
e rs ,  and reduce the  operating temperature of the  c e l l  i n  outer  space. 
These conditions a r e  not  a l l  independent s ince  a coat ing which r e f l e c t s  
s t rongly i n  the in f r a red  will a l s o  reduce the  emissivi ty  i n  the  region 
of maximum c e l l  re rad ia t ion .  The objectives s t a t ed  can be reached by 
developing a coat ing with a high transmission t o  wave lengths  less than 
about 1 micron, has a r e f r ac t ive  index o f  about .2 t o  1.3 i n  t h i s  same 
range and absorbs r e l a t i v e l y  s t rongly (about t o  IO-4cm-l) i n  t h e  
range of 5 t o  30 microns. These propert ies  a re  s a t i s f i e d  by ordinary 
g l a s s  and consequently s h a l l  be the first mater ia l  t o  be inves t iga ted .  
Other obvious proper t ies  t o  be desired a r e  compat ibi l i ty  with the device, 
mechanical and chemical s t a b i l i t y ,  and res i s tance  t o  environmental e f f e c t s .  
Additionally,  it i s  des i rab le  t o  have t h e  coat ing s e a l  t he  c e l l  f r g m  a t -  
mospheric water vapor. 
PREPAMTION OF COATINGS 
DescriDtion of Methods 
1. Evaporation 
Deposition of s i l i c a  coatings by thermal evaporation of S i 0  
i n  vacuum ambient i s  a standard process i n  the  production of coated 
mirrors  and mult i layer  op t i ca l  coatings. Many other mater ia l s ,  such 
a s  CaF2, and NgF, a r e  a l so  deposited i n  t h i s  fashion. 
mater ia l s  have been deposited on the CdS c e l l s  i n  the pas t  very suc- 
ces s fu l ly  provided the  deposited layer was l e s s  than about 1 micron 
th ick .  For t he  present  purposes, however, t he  l aye r  must be in  the 
range of 3 t o  10 microns thick.  To produce mechanically s t a b l e  f i l m s  
of t h i s  thickness  requi res  heat ing of the  deposit ion subs t ra te  t o  re- 
duce the  normally expected mechanical s t r e s s e s .  The temperature and 
time required are  unfortunately out  of the range of tolerance of the 
device and consequently, thick evaporated f i l m s  have not  been prepared 
t o  date .  
Films of  these  
2. Sput te r ing  
A widely used, r e l a t i v e l y  G l d ,  but  not  widely understood pro- 
cess f o r  f i l m  deposi t ion i s  by cathodic spu t t e r ing  i n  low pressure gaseous 
ambient. I n  this, high energy ions a re  caused t o  bombard a t a r g e t ,  calls- 
ing  e j e c t i o n  of a t o m  and molecules f r o m  the t a r g e t .  
a r e  then col lected on the  nearby substrate .  
These p a r t i c l e s  
Almost any mater ia l  which can be prepared i n  a su i t ab le  form can 
be deposited by sput te r ing ,  and i n  p a r t i c u l a r ,  d i e l e c t r i c s  and refrac-  
t o r y  m e t a l s  a re  general ly  amenable t o  the  process.  I n  t h i s  case the 
r a t e  of deposit ion i s  proportional t o  the  power absorbed by the t a r g e t ,  
i t s  surroundings. Typical r a t e s  f o r  metals a re  i n  the  range of  200 f and s o  the  r a t e  i s  l imi ted  by the  temperature r i s e  of the t a r g e t  an 
per  second and for d i e l e c t r i c s  i n  the range of l O O a  per  second. 
f u r t h e r  advantage i s  t h a t  a l a rge  area t a r g e t  can be used t o  deposi t  
onto l a rge  a rea  subs t ra tes ,  and both the t a r g e t  and subs t ra te  can be 
w a t e r  cooled. 
A 
F i l m s  Produced with Vacuum Evaporated Coatings 
A number of vacuum evaporated S i0  and MgF2 coatings have been formed 
on CdS t h i n  f i l m  c e l l s .  The S i 0  coating thicknesses were .%A, lA, and 
3A, whereas the MgF2 coatings thicknesses were .5 micron and 3 microns. 
These films were prepared by vacuum evaporation a t  r a t e s  of 30 t o  l O O a  
per  second onto room temperature subs t ra tes  i n  an ambient pressure of 
Torr.  
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Sput te r ing  Equipment 
A Consolidated Vacuum Corporation "AST-lOO1l sput te r ing  u n i t  has 
been acquired and i s  i n  the process of  being tooled for deposi t ion o f  
d i e l e c t r i c  f i l m s .  A b r i e f  explanation of the mode o f  operation o f  t h i s  
equipment i s  pe r t inen t  a t  t h i s  time. 
1. Plasma Techniques 
The conventional, or a t  l e a s t  o r ig ina l  method f o r  spu t t e r ing  
i s  commonly referred t o  a s  t he  '!diodet7 technique wherein a cathode of 
the  mater ia l  t o  be sput tered and an anode of the subs t ra te  onto which 
t h e  mater ia l  deposits a r e  placed i n  su i t ab le  r e l a t i v e  pos i t i ons  i n  a 
low gas pressure ambient. The gas i s  usua l ly  argon o r  neon. A d i s -  
charge i s  i n i t i a t e d  by applying a high p o t e n t i a l  between anode and cathode, 
ion iz ing  the  gas between the  electrodes.  
cathode causing e j ec t ion  of a toms o r  molecules which deposi t  on the 
f irst  cool surface contacted. 
i n g  of t he  cathode and anode m u s t  be more than 1 mean f r e e  path of a 
molecule i n  the gas. Because o f  this, a number of undesirable f e a t u r e s  
r e s u l t .  F i r s t ,  t he  sput tered material  i s  sca t t e red  by the ambient gas 
and l o s s e s  due t o  s c a t t e r  a r e  high i n  p r a c t i c a l  configurations.  
l y ,  the  gas molecules have a high probabi l i ty  of being incorporated i n  
t h i s  l aye r .  Las t ly ,  the  cathode temperature rises i n  s p i t e  o f  w a t e r  cool- 
i ng  and s ince the  source and t a r g e t  must be c lose ,  undesirable temperature 
rises a r e  experienced on the substrate .  
The pos i t i ve  ions s t r i k e  the  
For this process t o  funct ion,  the spac- 
Second- 
To overcome these  problems, the t r i o d e  or plasma technique was de -  
vised. 
heated fi lament.  The e lec t rons  a r e  then accelerated t o w a r d  an anode 
causing ion iza t ion  of the  amblent g a s  on the way. The pos i t i ve  gas  
ions  a re  then accelerated toward a t h i r d  electrode held a t  a negative 
p o t e n t i a l  r e l a t i v e  t o  the hot cathode. These ions e j e c t  mater ia l  f r o m  
the  t a r g e t ,  which m a t e r i a l  i s  then condensed on a nearby subs t r a t e  which 
i s  held a t  cathode or ground poten t ia l .  i n  t h i s  case, the cathode and 
anode can be r a t h e r  widely spaced, and t h e  gas pressure made corres-  
pondingly lower (about 1 t o  0.1 micron). The plasma discharge i s  con- 
f ined t o  the  space between the  cathode and anode and by means of a mag- 
ne t  can be concentrated t o  a density of about 1 ampere pe r  square inch.  
The t a r g e t  and subs t r a t e  are  placed on opposite s ides  of  the plasma 
column, a dis tance l e s s  than one mean f r e e  path.  The obvious advantages 
of the  system a re  the  low gas pressure, e s s e n t i a l l y  r e c t i l i n e a r  propa- 
gat ion of the sput tered mater ia l ,  and confining of spu t t e r ing  t o  only 
those elements t o  which high negative p o t e n t i a l s  are  applied.  Again 
the  r a t e  i s  l i m i t e d  by the temperature r i s e s  which a re  to l e rab le .  
Here the  e l ec t rons  a r e  supplied i n  copious q u a n t i t i e s  by a 
2.  Films Produced by Sput ter ing 
DC sput te r ing  exneriments have been concerned with the  deposi t ion 
of tantalum, aluminum, gold, s i l v e r  and copper on various subs t ra te  mater- 
i a l s .  The subs t r a t e s  consisted of g l a s s ,  CdS c e l l s ,  aluminum oxide shee t s ,  
ammonium dihydrogen phosphate and potassium dihydrogen phosphate s ing le  
c r y s t a l s  and "plexiglass .  
fo ld .  They served a s  a means o f  checking-out the equipment while providing 
The purpose behind these experiments was  two- 
4 
samples for evaluation. 
a r e  i n  t h e  Measurements sect ion.  
Discussion of sample films t h a t  were evaluated 
3. R. F. Sputter ing 
The D. C .  Triode sput te r ing  method i s  s a t i s f a c t o r y  for m e t a l s  
and m a t e r i a l  wi th  r e s i s t i v i t i e s  above this range, the  surface o f  t he  
t a r g e t  acquires a l a y e r  of res idua l  pos i t i ve  charge, reducing the  f i e l d  
acce le ra t ing  the  ions ,  and sput te r ing  ceases.  This makes the  spu t t e r ing  
o f  d i e l e c t r i c s  impossible by this technique. 
o s c i l l a t o r  has been connected from the  t a r g e t  t o  the cathode. 
t a r g e t  i s  negative with respect  t o  the  cathode, normal spu t t e r ing  occurs 
and t h e  pos i t i ve  charge l a y e r  begins t o  accumulate on the  t a rge t .  
the  t a r g e t  goes pos i t i ve ,  e lec t rons  f r o m  the cathode discharge this l ay -  
e r ,  al lowing spu t t e r ing  t o  occur on the  next ha l f  cycle.  
of t he  o s c i l l a t o r  i s  determined by the  system geometry and the t a r g e t  
conductivity,  with t ens  of megacycles being a convenient range of opera- 
t i on .  
To overcome t h i s ,  an 3-F 
When the  
When 
The frequency 
The t a r g e t  i n  t h i s  case takes t h e  form of a condenser cons is t ing  
of a layer of t h e  d i e l e c t r i c  material  surrounding a metal pl-ate e lectrode.  
Since it i s  des i rab le  t h a t  maximumpower be diss ipated i n  the t a r g e t ,  
the  conventional impedance matching networks between the t a r g e t  and 
o s c i l l a t o r  a re  required.  
can be prepared i n  the  proper shape ca3 be sput tered.  
then i s  determined by the  temperature r i s e  of the  d i e l e c t r i c .  
temperature rise can be l a rge  enough t o  cause mater ia ls  such a s  g lass  
t o  m e l t  r ead i ly .  
By this technique, then, any d i e l e c t r i c  which 
The maximum r a t e  
T h i s  
4. Progress and Present S t a t e  
The CVC spu t t e r ing  u n i t  h a s  been completely set-u? with the  
exception of the RF spec ia l  t o o l i n g  attachments. 
e l e c t r i c  sput te r ing  has not been received. 
graphs o f  the t o t a l  equipment and  the electrode arrangements i n  the  
b e l l  j a r ,  respect ively.  
and has been i n s t a l l e d  i n  the system. 
matched t o  the  "dr iverr1 t ransmit ter .  
and ove ra l l  resonance were made t o  a i d  i n  t h e  coupling of antenna (RF 
probe) t o  t h e  t ransmi t te r .  I n i t i a l  r a t i o s  of  about 100 t o  1 o f  input  
power t o  usefu l  power have been reduced t o  about 3.5' t o  1. 
The RF ?robe f o r  d i -  
Figures 1 and 2 are  photo- 
A probe has been constructed i n  the  labora tory  
It  i s  i n  the process of  being 
Tests of capacitance,  inductance 
MEASUREKEXTS 
Description of Measurements t o  be Mad;: 
1. Thickness 
The thickness  o f  the deposited f i lms  can be measured i n  sev- 
e r a l  ways, 1) A Sloan Ins t .  multiple beam interferometer ,  2 )  a conven- 
t i o n a l  shallow f i e l d  microscope capable of being focused on the  top and 
bottom of the deposited layer, and 3) measurement of t h e  gain i n  weight 
of the subs t ra te  a f t e r  deposit ion.  Thickness nieasurements made on f i l m s  
5 
6 

produced by vacuum evaporation and sput te r ing  techniques have been 
measured with t h e  interferometer  and microscope. 
2 .  Q u a l i t a t i v e  Analysis 
The surface of the  deposited f i l m s  a r e  being examined micro- 
scopica l ly  f o r  grain s i z e ,  uniformity, adherence and conduct ivi ty .  The 
sput tered f i l m s  have exhibited grain sizes of 0 .1  micron or less wi th  
uniformity and exce l len t  adherence. Conductivity of the sput tered 
metals approach t h a t  of the bulk m a t e r i a l .  
3 .  Reflectance 
The p rope r t i e s  o f  t h e  deposited l a y e r s  of primary i n t e r e s t  
are  the  t o t a l  v i s i b l e  and i n f r a  red re f lec tances .  I n  o r d e r  t o  eva lua te  
the  coat ings it w a s  necessary t o  employ a G E spectro photometer equipped 
with an i n t e g r a t i n g  sphere capable of measuring t o t a l  re f lec tance  in t h e  
range from 0.3 t o  1 . 2  microns i n  conjunction with a Perkin-Elmer specto- 
photometer capable of measuring specular re f lec tance  i n  the  range from 
2.5 t o  30 microns. Since the  samples t o  be measured w i l l  not have spec- 
u l a r  surfaces ,  and i n  f a c t  have a roughness with dimensinns i n  the range 
of 10 microns, Rayleigh sca t t e r ing  becomes a major f a c t o r  i n  determining 
the  func t iona l  dependence of specular re f lec tance  on wavelength. 
be r eca l l ed  from Rayleigh 's  work,  the  i n t e n s i t y  of s c a t t e r i n g  from s m a l l  
p a r t i c l e s  i s  proport ional  t o  the  reciprocal  fou r th  power of the wave- 
length  and proport ional  t o  the square of the p a r t i c l e  volume. 
A s  w i l l  
Data -
Several  re f lec tance  curves have been made of various coatings on 
subs t r a t e s  of CdS a s  wel l  a s  on p la in  g l a s s  and metal. The re f lec tance  
curves t h a t  have been obtained f o r  the Si0 and MgF2 coat ings w i l l  not  
be shown a s  they a re  considered non-conclusive and uninformative. Only 
specular  re f lec tance  measurements were made on these coat ings and are  
not  considered sa t i s f ac to ry  f o r  our purposes. To carrel-ate the r e f l e c t -  
ance curves t h a t  were obtained, aluminum w a s  deposited on surfaces  of a 
known roughness. The re f lec tance  spectra was measured for aluminum de- 
posi ted on etched molybdenum Figure 3, polished molybdenum Figure 4 and 
on aluminum oxide wafers Figure 5. 
s c a t t e r i n g  can be seen from t h e  slope of t he  curves of the etched molyb- 
denum and aluminum oxide substrates  which were coated by sput tered alum- 
inum. The curves again give o n l y t h e  specular  re f lec tance  and do not  
revea l  any co r re l a t ion  t o  the  previous re f lec tance  curves.  To determine 
t o t a l  re f lec tance ,  the samples will be coated with the  d i e l e c t r i c ,  then 
one h a l f  w i l l  be coated with about 10008 of aluminum. 
re f lec tances  of the two surfaces  w i l l  be determined and t o t a l  r e f l e c -  
tance of the  d i e l e c t r i c  found  by taking the  r a t i o  of the  specular  r e -  
f lec tance  of the d i e l e c t r i c  t o  the specular  re f lec tance  o f  the metal 
coated d i e l e c t r i c .  
A very good ind ica t ion  of Rayleigh 
The sllecular 
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WORK PLANNED FOR NEXT QUARTER 
The complete %Pt sput te r ing  unit w i l l  be in operation. This 
w i l l  include t h e  coupling system t o  t he  probe and the probe termin- 
a t ion.  I n  addi t ion a temperature sensing monitor w i l l  be i n s t a l l e d  
t o  check on t a r g e t  and subs t ra te  temperatures. A water-cooled sub- 
s t r a t e  holder  w i l l  a l s o  be fabricated for use i n  the  sput te r ing  sys- 
t e m .  
Reflectance measurements w i l l  be made on subs t ra tes  coated with 
aluminum and t h e  d e s i r e d  op t ica l  coating t o  determine the t o t a l  r e f l e c t -  
ance. 
A number of  coated c e l l s  w i l l  be exposed t o  control led humidity 
conditions desiccated a i r  and vacuum t o  determine whether the  coating 
re t  a r d s d e  g rad  a t  ion  e f f ec t ive ly  . 
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